Background. The recovery rate of upper limb function after stroke is poor when compared with independent walking. Therefore, effective methods are warranted for upper limb rehabilitation. Objective. The aim of this study was to investigate the effectiveness of functional electric stimulation (FES) with bilateral activities training on upper limb function. Methods. This study was a double-blinded randomized controlled trial. Twenty patients were recruited 6 months after the onset of stroke and completed 15 training sessions. Participants were randomly assigned to the FES group or to the control group. Each session consisted of stretching activities (10 minutes), FES with bilateral tasks (20 minutes), and occupational therapy treatment (60 minutes). The participants used a self-trigger mechanism, with an accelerometer as a motion detector, for generating an electric stimulation pattern that was synchronized with the bilateral upper limb activities during the training. The participants in the control group received the same duration of stretching and occupational therapy training except that they just received placebo stimulation with the bilateral tasks. The outcome measures included Functional Test for the Hemiplegic Upper Extremity (FTHUE), Fugl-Meyer Assessment (FMA), grip power, forward reaching distance, active range of motion of wrist extension, Functional Independence Measure, and Modified Ashworth Scale. Results. At baseline comparison, there was no significant difference in both groups. After 15 training sessions, the FES group had significant improvement in FMA (P = .039), FTHUE (P = .001), and active range of motion of wrist extension (P = .020) when compared with the control group. Conclusions. Bilateral upper limb training with FES could be an effective method for upper limb rehabilitation of stroke patients after 15 training sessions.
O nly 50% of stroke survivors are likely to regain some functional use of their affected upper extremity. 1 There are different treatment approaches to restore upper limb function after stroke. Functional electric stimulation (FES) is an emerging treatment for the rehabilitation of the upper limb function of persons who have had a stroke. Both clinical reviews 2 and meta-analyses 3 have supported FES in promoting the recovery of muscle strength and motor recovery after stroke. FES is a technique that applies short programmed bursts of current to the neuromuscular region affected by the stroke, either to the hemiparetic muscles directly or to the associated peripheral nerve. The physiological effects that have been associated with electric stimulation include muscle strengthening, inhibition of antagonists' spasticity, correction of contractures, increased passive range of motion, and facilitation of voluntary motor control. 4 Popovic et al 5 used FES that generated lifelike movement and exercise in humans with central nervous system lesions. The subjects showed significantly increased number of tasks achieved and significantly reduced movement time after the treatment. 5 However, although FES appeared to be beneficial for stroke patients under rehabilitation, Chae et al 6 found that there was no significant effect of neuromuscular stimulation on self-care function even when there was a greater gain in Fugl-Meyer scores for the treatment group.
There are different stimulation paradigms with respect to stimulation intensity, duration of treatment, and trigger method of stimulation. De Kroon et al 2 found that electric stimulation that provoked motor activation was associated with cutaneous, muscle, and joint proprioceptive afferent feedback. Butefisch et al 7 suggested that afferent stimulation input associated with repetitive movement training could facilitate improvement of motor function. Thus, FES, which induced muscle contraction, might be more effective than sensory stimulation.
Although self-initiated stimulation could improve participants' attention toward training, it was not efficient for people with severe deficits to control as it required some residual movement of the impaired arm or hand; therefore, the system was not applicable to severely disabled stroke survivors. 8 Thus, an alternative approach, contralaterally controlled functional electric stimulation, was developed. In this approach, the subjects could use their unaffected hand to control the electric stimulation by themselves. 8 The results indicated a positive effect of the intervention, but it was only a pilot study with 3 subjects.
In addition to FES training, task-related training is another approach used for upper limb rehabilitation after stroke. This approach was advocated as it involved the practice of goaldirected, functional movements in the natural environment, which could encourage a person to actively use the affected arm while minimizing compensatory strategies and learned nonuse. [9] [10] [11] Thus, people with stroke required the simultaneous use of motor control, cognition, visual perception, sensation, and motor planning during task-related training. 12 Moreover, Thielman et al 9 have suggested that task-related training was more effective in promoting functional improvement in reaching for severely impaired subjects when compared with routine exercise. Yang et al 13 conducted a randomized controlled trial to examine the effectiveness of task-oriented progressive resistance strength training in chronic stroke subjects. They showed that there was significant improvement in strength and functional abilities in the task-oriented training group after 4 weeks of training. 13 In addition to the practice of task-specific training alone, Michaelsen et al 14 conducted a randomized controlled trial to investigate whether training combined with a trunk restraint could produce greater improvement. They showed that combined trunk-restraint training led to greater improvements in active joint range when compared with task-related training alone, and the improvement was more obvious in severely affected patients. However, they could not find any carryover effect toward the unrestrained condition. Moreover, Thielman et al 9 have suggested that training without a trunk restraint could promote relearning and recovery as it was a natural environment. 9 Upper limb functional training for a stroke patient is mainly focused on the affected limb, with unilateral strengthening exercises or functional training. However, many daily tasks naturally require the coordinated participation of both hands. Bilateral movement training uses interlimb coordination between good and affected hands to activate motor synergies between limbs. Voluntary movements of the intact limb might activate the primary motor cortex and supplementary motor area for the intact limb, which increases the likelihood of voluntary muscle contractions in the impaired limb when symmetrical movements are executed. 15 In addition, Cauraugh and Summers 16 reviewed bilateral movement training and concluded that planning and executing bilateral movements after stroke might facilitate cortical neural plasticity.
Moreover, in addition to using bilateral movements alone for stroke rehabilitation, a meta-analysis of the effectiveness of bilateral movement training showed that bilateral movements in combination with auxiliary sensory feedback were effective stroke rehabilitation protocols during the subacute and chronic phases of recovery. 15 Furthermore, a study conducted by Cauraugh and Kim, using 2 coupled motor recovery protocols with electromyography (EMG)-triggered neuromuscular stimulation and bilateral movements, showed that the motor improvements of the bilateral group were better than the improved motor functions of the unilateral group. 17 Improvements were seen in higher Box and Block test scores, shorter premotor and motor reaction times, and reduced root mean square error during a sustained contraction task.
Although bilateral movement training has been suggested as a viable stroke rehabilitation protocol, there is need to investigate the treatment effect of different durations and intensities and the most effective combination of bilateral movement training with supplementary assistive protocols. 15 Thus, this study will investigate the effectiveness of the combination therapy of FES and task-oriented bilateral movement training.
In this study, FES with bilateral activity tasks training for the restoration of upper limb function of people with stroke was conducted and compared with a control group that received placebo stimulation and bilateral training treatment.
Method
All patients with a first stroke who were admitted to the outpatient Occupational Therapy Department of a rehabilitation hospital were screened from April 2007 to October 2007 as possible participants. Inclusion criteria for this study were the following: (1) no skin allergy to electric stimulation/electrodes, (2) a score of "0" in the finger mass extension subitem of the Fugl-Meyer Assessment (FMA), (3) able to follow simple commands, (4) 6 weeks after onset of stroke, (5) first episode of stroke, and (6) Glasgow Coma Scale = 15/15. Patients were excluded if they had (1) severe dysphasia (either expressive or comprehensive) with inadequate communication, (2) any additional medical or psychological condition affecting their ability to comply with the study protocol, and (3) history of other neurological diseases and psychiatric disorder, including alcoholism and substance abuse.
All the participants gave informed consent through methods approved by the university and the hospital's institutional review board. Participants were randomly assigned to the FES group or to the control group after they met the selection criteria in the baseline assessment. Participants in both groups received similar training except that the participants in the control group received placebo stimulation (only slight sensation of the stimulation) and the participants in the FES group received electric stimulation with an intensity that elicited muscle movement. The participants of each group received FES treatment or placebo stimulation at different scheduled times in the Occupational Therapy Department to prevent them from meeting members of the other group during the treatment.
Outcome measures were assessed at baseline and after 15 sessions of training. The primary outcome measures included Functional Test for the Hemiplegic Upper Extremity (FTHUE), FMA of motor function of the upper extremity in hemiplegia, measurement of forward reaching distance, grip power, and active range of motion of wrist extension of the affected hand. Secondary outcomes included Functional Independence Measure and Modified Ashworth Scale values. All assessments during the study period, including the screening of patients, were performed by a blinded occupational therapist. Both groups were assessed by following upper limb function tests before and after the 15 sessions of intervention. The FTHUE 18 was developed in the Ranchos Los Amigos Hospital to evaluate a stroke patient's ability to use his or her upper extremity in daily living tasks during his or her course of recovery. It consisted of 18 activities that were sequenced in a hierarchy of 7 functional levels by degree of difficulty.
The FMA of motor function of the upper extremity in hemiplegia assessed the ability of patients to move an arm and its segments selectively with an array of qualitatively rated items. 19 It had high interrater and test-retest reliability toward stroke patients (intraclass correlation coefficient >.95). 19 The measurement of forward reaching distance in this study was based on the procedures described in Wagner et al. 20, 21 The subjects performed a forward reaching task while seated in a straight backed chair, with the trunk strapped to the back of the chair. The start position was with the affected upper limb resting on a pillow on the ipsilateral thigh, such that the shoulder was in 0° flexion/extension and 0° of internal rotation, the elbow was in 90° flexion, and the wrist rested palm down, with the finger joints in slight flexion. From the start position, subjects were instructed to reach forward as fast as possible and touch a 40-mm diameter target positioned at 90% of their arm's length directly in front of the affected or dominant shoulder at shoulder height. Subjects were given 2 practice trials to familiarize them selves with the task and instructions, followed by 3 trials of reaching movement with measured distance. The averaged results from these 3 trials were used for the outcome measures.
Jamar hand dynamometer (model 5030J1; Sammons Preston, Bolingbrook, IL) was used to measure the grip power of the affected hand. The active range of motion of the affected wrist extension was also measured. The Functional Independence Measure was used to assess the degree of independence in activities of daily living. 22, 23 The muscle tone, before and after treatment, was measured by a Modified Ashworth Scale. It is a reliable clinical tool for assessing poststroke spasiticity. 24, 25 
Interventions
One session of intervention lasted about 1.5 hours. For details of the training protocol, see the consort flow diagram in Figure 1 . In the FES group, patients first performed stretching or passive mobilization activities for 10 minutes to facilitate active movement. After passive mobilization, 20 minutes of FES with bilateral upper limb training was started. The participants were then put on the FES device, which provided stimulation to the affected hand to facilitate them to perform hand opening. The stimulation unit was self-triggered by the subject's unaffected hand with a motion detection system that was based on an accelerometer (model ADXL202; Analog Devices, Norwood, MA; Figure 2A and 2B). The subject could generate a motion of finger extension to trigger the stimulation. The accelerometer could detect the inclination of the sensor with gravitational force, which would generate a change in the acceleration signals for turning on the stimulation. Tong et al 26 and Lau and Tong 27 have shown that an accelerometer sensor was a reliable motion sensor for both upper limb FES control and gait pattern monitoring. The subject could properly position his or her limb for the preparation of the bilateral upper limb task and then self-trigger the stimulation in a 3-dimensional space. The stimulation could be synchronized with the motion, and the stimulation duration lasted for 8 seconds. Moreover, the subject could focus on the bilateral upper limb task rather than pressing a button, because the subjects could simply trigger the timing of the electric stimulation by extending their finger naturally at any time during the bilateral training tasks.
For the FES, the stimulation frequency was 40 Hz, and the pulse width was 200 µs. Self-adhesive surface stimulation electrodes (diameter = 3.8 cm) were used (PLAS Platinum NeuroStimulation Electrodes; Nidd Valley Medical, Harrogate, UK). The stimulation electrodes were placed on the motor point of the extensor digitorium superficialis ( Figure 2C ) and abductor pollicis longus muscles ( Figure 2D ). The stimulation intensity was set at a sustainable level with functional movement, and the participants could open their hand with the electric stimulation. The motion sensor was placed in a plastic ring and worn on the index finger of the unaffected hand. The subjects extended the index finger of the unaffected hand to trigger the stimulation and produced active hand opening of the affected side. A preprogrammed setting, which consisted of 3 seconds of ramp-up time, 3 seconds of electric stimulation time, and 2 seconds of ramp-down time, was provided to ensure that there was enough stimulation time for the subject to carry out the tasks and maintain a smooth motion. Moreover, no stretch reflex or increase in muscle tone was observed for all the subjects during the electric stimulation.
Furthermore, a wrist extension splint was provided during the FES ( Figure 2B ). It was made of thermoplastic material to support the affected arm in a functional position, with the wrist extension fixed at 15° to enhance the extension of the fingers for hand opening during stimulation. The splintage served the purpose of keeping the wrist in a fixed extended position that could minimize overextension of the wrist during stimulation, which might result in a tenodesis grip posture and affect the extension of the fingers for hand opening.
Four bilateral upper limb training activities with FES were used for the FES group. These 4 activities were chosen as all of them involved hand manipulation and were functional tasks for daily activities. Each FES session lasted for 20 minutes, with 2 training activities out of the 4 tasks. Because the time limit of each trial was 30 seconds, the subjects could perform at least 20 repetitions in each activity. These training activities were run in a cycle so that each participant had a similar pattern of training. For details of the training activities cycle, see Table 1 . Members of the control group participated in the same bilateral upper limb training tasks, but the intensity of the electric stimulation did not trigger any muscle movement (they only had a slight sensation of electric stimulation).
The training activities were moving a bowl, pushing a basketball, and simulated feeding and drinking. The participants sat in front of a table. The start position was with the affected upper limb resting on the table such that the shoulder was in approximately 0° flexion/extension (Figure 3 ). In addition, the height of the table could be adjusted to ensure the subjects' elbow flexion angle was at 90° when resting on the table. The moving distance started from the resting position of the hand to the maximum extended arm length of the participants in a forward direction. Markers were placed at the start and the target distance during the training activities. If the participants could not reach the target, the reaching distance was shortened to ensure that the subjects could perform the tasks. Moving the bowl was an activity where the participants were instructed to lift up an aluminum bowl (diameter 27 cm, weight 300 g) from the start position, reach forward, and then place down at the full arm length position. The second task was horizontally pushing a basketball (circumference 76 cm, weight 624 g) on the table surface and collecting it after it had bounced back. In addition, functional training such as simulated feeding and drinking was performed. The participants were asked to open their affected hand to hold a plastic bowl (diameter 11 cm, weight 80 g) and a plastic cup (diameter 6 cm, weight 30 g) for feeding and drinking, respectively. After the electric stimulation training, both the FES and control groups attended conventional occupational therapy training, including activities of daily living training and exercise training for 1 hour. These activities were mainly targeted at proximal upper limb control 
Figure 1 Consort Flowchart of the Training Program

Figure 2 (A) The Placement of Electrode and the FES Device. (B) A Wrist Extension Splint Was Provided During the FES, and the Stimulation Electrodes Were Placed on the Motor Point of the (C) Extensor Digitorium Superficialis and (D) Abductor Pollicis Longus Muscles
(eg, shoulder flexion activities for the patients with limited shoulder control). SPSS 14 .0 was used to compare the differences in outcome measurements. Missing data of participants who withdrew from the study were to be replaced by the last scores obtained. However, no subject dropped out. Shapiro-Wilk test was used to examine the normality of all outcome measures. For the baseline comparison across groups, independent samples t tests were used for comparison if the data were normally distributed, and the Mann-Whitney U test was used if the data were not normally distributed. Moreover, for the preintervention and postintervention comparison in each group, the paired-sample t test was used if the data were normally distributed, and the Wilcoxon signed-rank test was used if the data were not normally distributed. For between-group comparisons, 2-way analysis of covariance (ANCOVA) was used to compare the dependent variables of both the FES group and the control group before and after treatment. The pretreatment score was added as a covariate. An α level of P < .05 was assumed to be significant. To explore the practical significance of group differences, effect size (ES) using Cohen's d was calculated (the difference between the adjusted mean of the 2 groups divided by the pooled standard deviation). 28, 29 The established ES criterion, which reflects the effect of a treatment within a population of interest, was small (0.2), medium (0.5), or large (0.8). 28 
Statistical Analysis
Results
In total, 40 patients with stroke were screened. Twenty of them who met the inclusion criteria eventually participated. All of them completed the 15 sessions of training and assessments before and after the training. Each group had 10 participants. Table 2 shows the clinical characteristics of the FES group and the control group, and Table 3 shows the pretraining and posttraining results and the comparison between groups. The results from the Shapiro-Wilk test showed that all data were not in normal distribution. Thus, the Mann-Whitney U test was used for baseline comparison across groups. Also, the Wilcoxon signed-rank test was used for within-group comparison in preintervention and postintervention. A 2-way ANCOVA test was used to analyze the overall result.
For the within-group comparison (pretraining vs posttraining), the FES group after the 15-session intervention showed improvement in upper limb control, range of movement, and strength. There were statistically significant improvements from baseline to posttraining in the outcome measurements including the FMA of motor function of the upper extremity in hemiplegia (P = .005) and FTHUE (P = .003). Moreover, the active range of movement such as the forward reaching distance (P = .008) and active range of motion of wrist extension (P = .027) were significantly improved. The grip power (P = .026) after treatment was almost double the pretesting mean value. The details of all outcome measures are summarized in Table 3 .
However, for the control group, although some outcomes showed improvement after treatment, as reflected by the mean score, the overall results showed no statistically significant improvement in any outcome measure (Table 3) .
For between-groups comparison, a 2-way ANCOVA test was used to compare both groups' pretesting and posttesting outcomes. The advantage of this test was that it could adjust for the baseline imbalances and improve the power. 30 The ANCOVA Table 1 The Activities Cycle in the 15 Training Sessions   Session   Activity  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 Moving a bowl
a × represents the activities that were used in the training session.
Figure 3 Resting Position of the Affected Hand During the Training Activities
test was also used in another FES study on stroke rehabilitation. 29 There was no statistical difference between the 2 groups on the outcome measures at the baseline. At posttesting, the FES group showed a statistically significant higher posttreatment score in the FMA of motor function of the upper extremity in hemiplegia (P = .039; Table 3 ). In addition, the FES group also showed a statistically significant higher level in FTHUE after the intervention (P = .001). Furthermore, the FES group showed a statistically significant larger active range of motion of wrist extension (P = .020) than the control group.
Effect size was calculated for the 3 significant outcome measures (FMA, FTHUE, and active range of motion of wrist extensions). Both the FMA (ES = .57) and the active range of motion of wrist extension (ES = .52) showed medium effect size, and the FTHUE (ES = 1.52) showed large effect size.
Discussion
Participants in the FES group showed significant improvement in terms of both range of movement and motor control after 15 sessions of intervention when compared with the control group in the outcome measure of FTHUE, FMA of motor function of the upper extremity in hemiplegia, and active range of motion of wrist extension. The results might be because the electric stimulation could facilitate the opening of the affected hand and enhance the use of the affected side for the upper limb tasks. After stroke, the patients could adapt with the learned nonuse with the affected hand. Taub et al, 31 in their study on constraintinduced therapy, found that animals used only the affected limb when the normal limb was restricted. The usage of electric stimulation could not inhibit the use of the "unaffected hand," but it could enhance and facilitate the patient to use the affected hand for the task. Thus, the patients could use their affected hand actively in daily activities. Nelles et al 32 showed that specific and highly repetitive upper limb training increased cortical activation in areas of the somatosensory and premotor cortex. The increased active use of the affected limb during the training session could enhance motor learning, which resulted in improvement of the hand function. Our study compared the FES group with the control group, which only had an electric stimulation sensation without additional muscle movement, and the results showed that an active reinforced motion could facilitate better motor control than just with sensory feedback. Alon et al 33 conducted a study to test the effectiveness of a combined FES and task-specific upper extremity training program during early stroke rehabilitation. The result showed that the combined FES group might improve upper extremity use in patients with mild/moderate paresis more than pure task-oriented training. Our study showed a similar positive result in chronic stroke patients, which might provide evidence for the effectiveness of FES in different phases of stroke rehabilitation.
De Kroon et al 2 performed a systematic literature review to identify clinical trials evaluating the effect of electric stimulation on motor control to the hemiparetic upper extremity following stroke. They found that positive results were more common when electric stimulation was triggered by voluntary movement (EMG triggered or motion triggered) than when non triggered electric stimulation was used. They concluded that triggered electric stimulation might be more effective than nontriggered electric stimulation in facilitating upper extremity motor recovery following stroke. In our study, the subject's intention was identified by finger movements. Because the EMG signals would be very weak in some people after stroke, we used an accelerometer as a motion sensor to identify the intention of subjects. Therefore, the subjects could self-trigger the electric stimulation during the task.
Moreover, because our study used a combination of FES and bilateral activity training, self-triggered electric stimulation was designed in such a way that the subjects could easily control when to self-trigger the stimulation to synchronize the stimulation pattern to assist them in performing the tasks. It would be more difficult for the subjects to manage the tasks if the stimulation time was preprogrammed to be generated at a fixed time, thus making it difficult for them to position their limb for the bilateral upper limb task within the time period, or if the programmed time was too long, they might need to wait for a long period of time before stimulation.
In addition to the treatment effectiveness of FES, bilateral movement training was also adopted in our combined protocol. Rose and Winstein 34 suggested that a bimanual intervention approach could reduce the movement velocity of the unaffected limb and at the same time increase the velocity of the paretic limb. It was called the "bimanual facilitation effect," which could facilitate the movement control of the affected upper limb. 34 Moreover, Cauraugh and Kim 17 conducted a study using coupled motor recovery protocols with EMG-triggered neuromuscular stimulation, and bilateral movement training showed that the bilateral group achieved better improvement than the unilateral group. They stated that executing movements with both arms simultaneously could enhance motor recovery of patients with chronic hemiparesis as they attempted to overcome the neuromuscular constraints imposed on the system. On the contrary, our control group did not show a statistically significant improvement even though the mean score of the outcome measurement showed a general increase after the treatment. One of the reasons might be the treatment duration and intensity. A meta-analysis of bilateral training 15 showed that the treatment duration of previous studies ranged from 50 to 90 minutes. Also, most of the studies investigating only bilateral training effect had 20 to 40 sessions of training. However, the duration of bilateral training in our study was 20 minutes in each of the 15 sessions, which was shorter than the other studies. Thus, the effect of motor relearning might be diminished because of reduced repetitions.
Another recent study to test the efficacy of modified bilateral arm training with a rhythmic auditory cueing protocol 35 showed a similar result in that it could not improve the motor control of the affected limb but only facilitated the use of the paretic hand. They concluded that the result might be attributed to the higher baseline motor skills of their subjects than those in previous studies. Also, their training protocol was more condensed, with only 8 sessions of training. Thus, further study of bilateral training with longer treatment duration was recommended.
Only a few previous studies in FES have used placebo treatment. [36] [37] [38] [39] [40] It is important to eliminate the placebo effect of the electric stimulation to clearly show the effects of FES. In this study, the control group was used, and this group also had the same training activities pattern as the FES group but with placebo electric stimulation. Moreover, a double-blind, randomized control trial design was adopted in this study. Thus, the treatment effect could be isolated to be related to the FES intervention. Moreover, the effect size of the 3 primary outcomes (FMA, FTHUE, and active range of motion of wrist extensions) ranged from medium to large (ES = 0.52-1.52), which indicated the practical significance of FES training on upper limb recovery.
Nowadays, researchers' interest is to further enhance the effectiveness of rehabilitation by integrating different treatment modalities. The results in this study showed that combined FES with bilateral upper limb task training could improve the upper limb function of the participants. However, the limitation of this study was the small sample size and lack of follow-up investigation of the generalization effect. In future studies, a larger sample size and long-term follow-up are indicated. A study with experimental (FES + bilateral training), placebo (placebo stimulation + bilateral training), and control (conventional OT training without FES and bilateral training) group design is recommended. Moreover, different combinations of treatment duration and number of training sessions are suggested to explore any difference in the effectiveness of the intervention. FES and bilateral upper limb training could be incorporated with other treatment approaches, and future research should consider different combinations of treatment modalities.
Conclusion
The results from this study showed that FES with bilateral upper limb training could improve motor functions in chronic stroke patients. There could be a benefit of having daily activity tasks training with a synchronized FES system. Our research supports the development of further studies using larger samples with long-term follow-up to reach a more confident conclusion about this method of rehabilitation. 
